The permeability of oleic and acetic acid through low density polyethylene (LDPE) and ethylene acrylic acid (EAA) have been measured using diffusion cells. In addition, the permeability through combinations of LDPE and EAA in the form of laminates with different numbers of layers has been determined. Oleic acid shows an almost 30 times higher permeability compared to acetic acid, which was partly explained by the adsorption of oleic acid to the film surface during the permeability experiment. In addition, the permeability is lower for both oleic and acetic acid in the laminates compared to the pure films. The decreased permeability can be explained by the presence of crystalline domains close to the interface. This is supported by SAXS data which suggests an ordering of polymer chains in the EAA film close to the interface. In summary, the results show that it is possible to create barrier materials with decreased permeability, which is interesting for example in the packaging industry.
Introduction
Food packaging materials function as barriers and aim to preserve and protect a food product from the surrounding environment [1] . Glass and metal have historically been used as barriers, and during the 20th century, plastics became popular to use as packaging materials, and a vast range of plastics with difference properties has been developed to fulfill the various needs encountered. For example, low-density polyethylene (LDPE), which is a generically used plastic in packaging materials, is a good moisture barrier but a poor oxygen barrier [2] . Therefore, a plastic barrier is often combined with other materials i.e. other plastics or foil, often via co-extrusion, to create a laminate and an improved barrier. The natural result of the formation of a laminate is the creation of additional interfaces between the layers. The width and shape of the interface often vary and depend strongly on the polymers involved [3] . In addition, the interface properties often differ from those of the bulk, which can affect the final barrier properties [4] . For example, molecular weight and polydispersity of a polymer have been shown to have impact on the interface, since high polydispersity and low molecular weight could result in the formation of a broader interface [5] . It has also been shown that shorter chains tend to assemble at the interface, hence lowering the interfacial tension [6] as a result of advantageous entropy gained by the system by excluding the longer chains from the interface [5] . The assembly of shorter polymer chains at the interface has also been shown to be responsible for the presence of a more ordered structural arrangement close to the interface, which is usually called transcrystalline layer [7] [8] [9] . A transcrystalline layer can also form between two immiscible polymers as a result of high polydispersity and the diffusion of shorter chains at the interface [9] . In that case, a decreased permeability for the laminate is expected due to the increased crystallinity at the interface.
Mass transport -or permeability -is directly connected to solubility and diffusivity of the permeant. However, the nature of the polymeric material (cross-linking, crystallinity, and substituents), possible addition of plasticizers, compatibilizers, stabilizers or fillers and temperature are all important factors influencing the permeability [10] . Crystalline parts in a polymeric material are often considered to be impermeable for small molecules. Hence, the mass transport of a permeant occurs mainly in the amorphous regions [11] . The mass transport can also depend on the free volume within the polymer and the segmental mobility of the polymer chains. Even though laminates are widely used in the packaging industry, only few studies are focused on the permeability of a liquid and what impact the interfaces may have on the total transport. There are many studies focusing on the permeability of gases through polymeric film materials, however [12] [13] [14] [15] [16] .
In this study, we investigated the impact of the film layering on both the mass transport and the total permeability. Our hypothesis was that the presence of additional interfaces could drastically reduce the mass transport and total permeability of a permeant. To test this hypothesis, the permeability of oleic and acetic acid was measured for two pure polymer films; low density polyethylene (LDPE) and ethylene acrylic acid (EAA) as well as combinations of them consisting of up to eight layers ( Fig. 1 ) while keeping the total film thickness constant. The structure of the film materials was investigated by small angle X-ray scattering (SAXS) and wide angle X-ray diffraction (WAXD), and the thickness of the interface was estimated using time-of-flight secondary ion mass spectrometry (TOF-SIMS). These results were further used to calculate an interfacial permeability and compare it to experimental values.
Theoretical basis

Diffusion through a polymeric film
For a barrier film without defects the primary mechanism for mass transport of a permeant from one side of a film to the other is diffusion, driven by the concentration gradient created in the experimental setup. Molecular diffusion in one dimension can be described by Fick's first law:
where J is the flux, D is the diffusion coefficient of the permeant and dc/dx its concentration gradient. The diffusion coefficient is assumed to be independent of position and time. Furthermore, when it is assumed that steady state has been reached, i.e. when the concentration within the film does not vary with time, Eq. (1) can be rewritten into Eq. (2):
where A is the area exposed to the permeant, h is the total film thickness, c 1 and c 2 are the concentrations at the surfaces of the films in Fig. 2a . In the case where the permeant is dissolved in aqueous solution surrounding the film barrier and thus not accumulated at the surface by an adsorption process, Eq. (2) presumes that the aqueous boundary layers on both sides of the film do not significantly affect the total transport process. Therefore, c 1 and c 2 can be related to the concentrations in the chambers by considering the partition coefficient, K, i.e. the ratio between the concentration in the chamber and at the surface of the film (Fig. 2a ).
where c d and c a are the concentrations in the donor and acceptor regions respectively. Furthermore, Eqs. (2) and (3) can be rewritten into Eq. (4):
The diffusion coefficient (D i ) times the partition coefficient (K i ) is equal to the permeability (P i ) for permeant i according to Eq. (4). Fig. 2a shows the case when the partition coefficient K is equal to 1, i.e. the concentration of the interior film surface is the same as the concentration outside the film. However, for solid materials this is not always true, and Fig. 2b shows the situation when K { 1, i.e. the concentration within the film is lower than outside the film. Fig. 2c refers to the same scenario for the case of a membrane constituted by two different layers of different materials where the interface does not affect the total permeability, i.e. K¼1 for the interface.
Diffusion through layered structures
For many applications in the industry, laminates are common, e.g. packaging materials, diapers and wound dressings. If the mass transport dm/dt is constant through each layer, a pseudo steady state is reached, and then Eq. (5) can be used to calculate the total permeability of a laminate according to the Ideal Laminate Theory [17] :
where P i and h i are the permeability and the thickness of each layer, respectively. This equation assumes that the mass transport is the same regardless of the order of the individual layers [17, 18] . In addition, the equation is only valid for defect-free films. Fig. 2c shows an example for which Eq. (5) 
where h int and P int are the thickness and permeability of the interfaces in the film. This additional sum includes all the interfaces present in a laminate, but the condition of K AB ¼1/K BA ¼K B /K A is still valid.
Experimental
The A and B materials in this study were low-density polyethylene (LDPE) and the copolymer ethylene acrylic acid (EAA) in a 1:1 composition for all films. The film materials were produced in pilot scale at Tetra Pak, Lund, Sweden via hot-melt extrusion. The films consisted of either the pure materials LDPE or EAA or different layered combinations as shown in Fig. 1 . Regardless of the number of layers, the total thickness of all films was kept constant at 100 72 mm. To guarantee homogeneity of the film materials, samples were taken at different areas of the films. The cross-section was also studied by a microscope (Olympus BH2 polarizing microscope) prior to measurements.
Size exclusion chromatography (SEC-RI)
Size exclusion chromatography refractive index (SEC-RI) was used to determine the average molar mass and polydispersity for the pure films as well as for the 2-layered film. The films were dissolved in 1,2,4-trichlorobenzene (TCB) at 135°C overnight at a concentration of 1 mg/ml. The solution was filtered through a metal filter with a pore size of 0.45 mm before injection into SEC equipment (Waters Alliance GPCV2000, USA). TCB was used as eluent, and universal calibration with polystyrene was performed. Number and weight averaged molecular weights (M n and M w ) and polydispersity index (M w /M n ) were calculated accordingly.
Small angle X-ray scattering/wide angle X-ray diffraction (SAXS/ WAXD)
SAXS/WAXD measurements were carried out with a HECUS S3-MICRO camera (Kratky-type) equipped with a position-sensitive detector (OED 50 M) containing 1024 channels of width 54 mm. Cu Kα radiation of wavelength λ¼1.542 Å was provided by an ultrabrilliant point micro-focus X-ray source (GENIX-Fox 3D, Xenocs, Grenoble), operating at a maximum power of 50 W (50 kV and 1 mA). The sample-to-detector distance was 281 mm. The volume between the sample and the detector was kept under vacuum (1 mbar) during the measurements to minimize scattering from the air. The Kratky camera was calibrated in the small angle region using silver behenate (d ¼58.34 Å) [20] while lupolen (d ¼4.12 Å) was used as a reference for the wide-angle region. SAXS curves were obtained in the scattering vector, q, range between 0.01 and 0.54 Å À 1 , assuming that q¼ (4π/λ) sinθ, and 2θ is the scattering angle. The WAXD region covered in the experiment was from 1.3 to 1.9 Å À 1 . Films were placed into an open demountable cell. The experiment was conducted in transmission geometry with the beam perpendicular to the film surface; the total thickness of the sample used was 200 mm in all cases (i.e. two parallel films). The temperature was set to 25°C and controlled by a Peltier element, with an accuracy of 0.1°C. All scattering curves were corrected for the empty cell contribution considering the relative transmission factor.
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
The chemical composition of the 8-layered film was studied with TOF-SIMS (Model TOF-SIMS 5, ION-TOF GmbH, Germany) equipped with a Bi 3 þ analysis beam and an argon-cluster sputter beam. The argon cluster beam had argon clusters of a size centered at 1500 argon atoms per cluster. An acceleration of 10 keV was used. A 200 Â 200 mm 2 crater was sputtered, and a 50 Â 50 mm 2 area in the center of the crater was analyzed using the 30 keV Bi 3 þ analysis beam. 32 Â 32 pixels with 1 shot per pixel were analyzed using a sputter time of 5 s followed by a pause of 0.5 s. This sequence was used to follow the concentration changes with depth.
Permeability measurements
Permeability measurements were performed in home-made polypropylene diffusion cells, as earlier described in the literature [21] . In short, the diffusion cells consist of sealed donor and acceptor chambers, where a film is placed in a 5 cm hole between the chambers. The thickness of the films was recorded at five points using a micrometer (Mitoyo 10 C-112 MB, Japan) prior to the permeability measurements. 40 ml of MilliQ-water was added to each chamber, and 10 ml of 3 [H]-oleic acid or 3 [H]-acetic acid was added to the donor chamber (maximum final concentration in donor chamber is 2.5•10 À 4 mg/ml). The solution was stirred by placing the diffusion chambers on a rotating table revolving at 50 rpm (Edmund Bühler 7400, Germany). The permeation was followed by taking out aliquots of 500 ml from the acceptor chamber and immediately adding the same amount of pure MilliQ-water. Samples were assayed with scintillation liquid, Ultima Gold, and run in a scintillation analyzer (Tri-Carb B2810TR, PerkinElmer, USA). Permeability of the films was calculated according to Eq. (4).
Quartz crystals microbalance (QCM)
The oscillation frequencies of pure silica covered QCM crystals (Q-Sense Sensor QSX 303 SiO 2 ) was measured in a QCM-D instrument (model E4, Q-Sense Göteborg, Sweden) in air.
Subsequently, the crystals were spin-coated with a thin layer of LDPE or EAA from a pre-heated solution consisting of 0.5 wt% of the polymers dissolved in p-xylene. The spin-coater used was from Laurell Technologies Corporation, USA (Model WS-650MZ-23NPP). The QCM crystals were heated to 85°C for 1 min prior to spincoating. 100 ml of the polymer solution was added to the crystal, and the speed was set to 800 rpm for 30 s, followed by 2000 rpm for 60 s. The spin-coated crystals were left at ambient conditions several days prior to QCM measurement. The oscillation frequencies for the spin-coated crystals was measured in order to calculate an approximate thickness of the spin-coated polymer layer.
The adsorption of oleic and acetic acid was measured at 20°C with a baseline corresponding to 5 wt% aqueous ethanol solution for oleic acid and MilliQ-water for acetic acid. The amount of oleic acid required to perform QCM measurements was not soluble in water, therefore a 5 wt% ethanol solution was used. Five different solutions of oleic and acetic acid were injected from 1.2•10 À 5 mg/ ml to 1.2•10 À 1 mg/ml by reducing the dilution of acids in steps of ten, where the concentration used in the permeability experiment is between the second and third concentration. The mass absorbed to the film surfaces was calculated.
Results and discussion
According to the suggested hypothesis, the presence of interfaces in layered film materials is believed to contribute to a decreased permeability. To study the hypothesis, the physical properties of the materials and the interfaces were characterized by SEC-RI, SAXS/WAXD and TOF-SIMS. Permeability of oleic and acetic acid was measured in diffusion cells over several weeks for the laminates, and the results were compared to conventional models. Additionally, the adsorption to the surface of the two carboxylic acids was studied using QCM. LDPE that had a polydispersity of 13. The high polydispersity of EAA could result in a denser material close to the interface [9, 22] since the shorter chains can more easily diffuse and lower the interfacial tension between the two polymers [5, 6] . This will have implications on the formation of crystalline domains at the interface.
Properties of the interface
A simultaneous SAXS/WAXD investigation was conducted on the two pure films as well as on the 2-layered samples to gather a detailed picture of the film nanostructure. Fig. 4a shows the SAXS patterns characteristic of the investigated films. The broad peak in the SAXS region indicates a correlation length that in the case of these polymeric films corresponds to the repetition of amorphous chains sandwiched between crystalline lamellae as schematically illustrated in the inset of Fig. 4a. Fig. 4b shows the WAXD patterns obtained on the same films. All the samples show two broad Bragg peaks as a result of the crystalline ordering at the molecular level (i.e. the characteristic inter-chain distances). SAXS and WAXD peaks were modeled using a Gaussian function. This is a simple approach to extract the peak position and width. In the WAXD case only the most intense peak at about 1.5 Å À 1 was considered.
The parameters obtained from the fitting are reported in Table 1 along with the average distance in the real space associated to the peaks as extracted by 2π/q peak .
As is evident from the data reported in Table 1 , the amorphouscrystalline correlation length (ξ) equals 16.2 nm for LDPE and 12.0 nm for EAA for the pure films. In the case of the 2-layered LDPE/EAA sample a value of 14.6 nm was measured instead of 13.8 as expected for a non-interacting layered system. (Expected values are shown in parenthesis in Table 1 and calculated according to ξ¼2π/q max SAXS ). The width of the peak is also reported as a measure of the polydispersity of the amorphous-crystalline domain size which follows the order LDPE 4LDPE/EAA 4EAA. Similar evidence could be extracted from the WAXD patterns where the chains in the case of LDPE film are more packed (i.e. the average inter-chain distances are smaller) than the EAA case. Considering the width of the peaks in the WAXD case, it is possible to speculate that the LDPE sample presents ordered domains that are more extended than in the EAA case. Again the LDPE/EAA case is closer to LDPE than expected. Hence, the main finding of the SAXS/WAXD investigation is that the co-extrusion of the two polymers forces the coextruded EAA to generate a structure arrangement closer to the LDPE case at the interface (i.e. with a correlation length about 1 nm more than expected, and more packed). McEvoy and coworkers have shown that transcrystalline layers thinner than 5 mm can form between LDPE and EAA with 3% of acrylic acid [9] , which could explain the results obtained here.
The data from TOF-SIMS experiment are shown in Fig. 5 , where the intensity variation with sputter time is shown for negative ions of mass 16 (O À ) and 17 (OH À ) respectively. The molecular weights chosen should only be present in the EAA film and not in the LDPE film. As can be seen in the figure, the intensity for O À in the EAA films goes from 6000 to zero and for OH from 4200 to zero when the sputtering by argon source reaches the LDPE film. The time it takes to sputter through the interface can be used to calculate an approximate thickness of the interface. It should be noted that the topography of the interface can be important for the time required to go from the EAA to the LDPE film, meaning that a rough interface can result in longer times than for a planar interface. However, the time required is not believed to be due to an uneven sputtering because depth resolution has been shown to be in the range of 4-5 nm using argon clusters as a sputtering source [23] . For the 8-layered film the interfacial thickness for each interface was calculated to be in the range of 2-2.5 mm. Since there are eight interfaces in total, the total thickness of interfaces in that film should be maximum 17.5 mm. It has earlier been shown that there is some miscibility between LDPE and EAA when both polymers are in the molten state [9] , which is in agreement with an approximate thickness of 2-2.5 mm for an interface. In addition, the high polydispersity of both polymers also support a thicker interface [5] .
Permeability and adsorption measurements
Fig . 6 shows the experimental permeability (gray bars) of oleic and acetic acid for the pure LDPE and EAA films as well as for 2-, 4-and 8-layered films. The theoretical permeability for the laminates was calculated according to Eq. (5) and is shown as white bars in the same figure. Using the Ideal Laminate Theory and the conditions given in Eq. (5), the calculations were based on the experimental values for pure LDPE and pure EAA films, and it was assumed that the interface was very thin (interfacial thickness set to nm scale compared to bulk thickness of 12.5-50 mm). Furthermore, interference with the permeant was assumed to be similar in the interface as well as the bulk material and therefore negligible. The experimental data for oleic acid shows a substantial decrease when going from one layer to two layers (one interface) and the decrease continues slowly when going to eight layers (seven interfaces). In contrast, for acetic acid, the decrease in permeability going from one layer to two layers is small, but the decrease for four and eight layers is substantial. By comparing the experimental data with the theoretical values, it is clear that the presence of the interfaces has an impact on the total permeability for the laminates. According to the SAXS/WAXD findings, the difference in the nanostructure of the LDPE/EAA film and the denser chain packing imposed by the co-extrusion process could be responsible for the differences obtained in the permeability experiments.
The highest permeability was found for oleic acid in pure LDPE film with a value of 101 75•10 /s. Permeability, P, is defined as P ¼DK (see Eq. (4)), where D is the diffusion coefficient and K is the partition (or solubility) coefficient. Due to the chemical structure of the two carboxylic acids, it is likely that oleic acid will have a lower diffusion coefficient but a higher solubility in the two polymers than acetic acid. The increase of solubility is therefore dominating over the loss of diffusivity and this hypothesis could justify the higher permeability observed for oleic acid in both LDPE and EAA. A possible explanation for the decreased permeability of both oleic and acetic acid in EAA compared to LDPE is that the acrylic acid groups in the EAA material can interact with the head group of the acids, resulting in hindered diffusion and hence lower total permeability. It is remarkable that the permeability is about 30 times higher for oleic acid compared to acetic acid for the two pure film materials. The large difference in the permeability for oleic and acetic acid might be explained by a tendency of the former to adsorb to hydrophobic surfaces [24] . This was tested using QCM and the results are presented in Section 3.2.1.
Adsorption measurements
To test if an increased adsorption was the explanation for the higher permeability of oleic acid, QCM measurements were performed on spin-coated films of LDPE and EAA. The thickness of the spin-coated LDPE films onto the QCM crystals was calculated according to Eq. (7):
where Δm is the absorbed mass, Δf is the variation in resonance frequency for the uncoated and LDPE-coated crystal, n is the overtone numbers and c is a constant characteristic of the equipment used which is determined to 17.7 ng/cm 2 . Overtone number three, five and seven were used to calculate the thickness of the spin-coated LDPE layers to be approximately 1007 20 nm. Increasing concentrations of the acids were flowed over the spin-coated LDPE and EAA films, and the mass absorbed was calculated according to Eq. (7) (Fig. 7a and b) , assuming adsorption of a rigid film. To quantify and achieve a larger span of concentrations for the acids, a baseline of 5 wt% of ethanol in water was used for oleic acid, and pure water was run for acetic acid. Fig. 7a shows the mass of oleic acid adsorbed onto the spin-coated LDPE and EEA films with increasingly concentrated oleic acid added over time. The arrows show when solution of increasing concentrations of oleic acid are injected in the measurement cell. Already when the second concentration of oleic acid was added, there seems to be some adsorption based on the increased mass observed. When the third concentration is added there is clearly an increasing mass upon the polymer films. Adsorption of oleic acid occurred to the surface of both LDPE and EAA, even at concentrations lower compared to what is used in the permeability experiment. Furthermore, in the final step of the run with oleic acid, the 5 wt% of ethanol water solution was injected to wash away non-adsorbed oleic acid, but the adsorption of oleic acid is almost irreversible. These observations are in agreement with previous report on adsorption of oleic acid at various surfaces [24] . Fig. 7b shows the results from acetic acid, where no adsorption onto the surface was observed, even when higher concentrations compared to what is used in the permeability experiment were tested. The preferential adsorption of oleic acid to the surface may be part of the explanation for the 30 times higher permeability registered for oleic acid as compared to acetic acid as shown in Fig. 6a and b. 
Permeability for laminates
As stated earlier, the permeability of laminates can be decomposed in a finite sum of terms accounting for the interfacial domains and the bulk region, respectively. It is therefore possible to calculate the additional term h int /P int for the laminates. The values were estimated using Eq. (6) based on the experimental data from the permeability experiments, and associated results are shown in Table 2 . The approximate thickness of the interface as determined by TOF-SIMS experiments was subtracted from A and B layers. The ratio P int ac /P int ol was calculated, and as shown in Table 2 , the ratio is almost three times higher for the 8-layered film compared to the 2-layered film. This large difference between the ratios suggests that the permeability of oleic acid is lower through the interface compared to acetic acid. The permeability -according to Eq. (4) -depends on the thickness of the film, the diffusion coefficient of the permeant and the partition coefficient for the film. Since the thickness is the same for all films, the permeability will depend on D and K. The lower permeability of oleic acid may then be explained by the different chain lengths of acetic and oleic acid, where the longer oleic acid may have a higher partition coefficient but should have a slower diffusion compared to acetic acid.
Assuming that the interfacial thickness obtained from TOF-SIMS is similar in the 2-and 8-layered films, a theoretical value of the interfacial permeability can be calculated. The thicknesses of the interfaces are shown in Table 3 , and the interfacial permeability is calculated according to Eq. (6). The calculated interfacial permeability is lower compared to the experimental values for the films presented in Fig. 6a and b, where LDPE had an experimental permeability of 101•10 À 15 m 2 /s for oleic acid and 2.5•10 À 15 m 2 /s for acetic acid, which indeed is much higher than the calculated interfacial permeability for both oleic and acetic acid in the laminates. This discrepancy can be explained as a result of the nonhomogenous ordering of polymer chains in the vicinity of the interface. Such ordering was observed using SAXS/WAXD, which gave an average value over the whole film. Microscopic structural changes that result in local variation of permeability are not reflected in the measurement. This means that there may be parts that are less permeable while other parts close to the interface are as permeable as the bulk material. If so, the total experimental permeability is expected to decrease, as observed. Hence, it seems important to take the presence of interfaces in a film material into consideration when producing packaging materials with barrier properties.
Conclusions
Our results have shown that it is possible to reduce the total permeability of oleic and acetic acid for a laminate compared to a pure film material. The decreased permeability was explained by ordering of polymer chains close to the interface formed between the two materials. SAXS/WAXD data showed that there was an ordering of the chains of the copolymer EAA close to the interface, probably caused by the co-extrusion of the two materials. The presence of crystals will hinder the transport of the acids through the film material, resulting in a decreased permeability. Even though the permeability decreased for the laminates, the permeability of oleic acid was almost 30 times higher compared to acetic acid. We used QCM to show that oleic acid adsorbs to the hydrophobic surfaces of both LDPE and EAA, while acetic acid do not. This adsorption was believed to result in a higher permeability for oleic acid compared to acetic acid. The results obtained in this study open up for possibilities to produce improved barrier materials using laminates instead of pure polymer films. 
